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Abstract
In this thesis, a novel diffusion-based contact-printing technology is investigated, by which a
wide variety of low molecular weight organic materials can be patterned without added
temperature, pressure, or chemical processing, with just the use of relief-patterned polymeric
(PDMS) stamps. It is determined that the diffusion of organic molecules into the polymer matrix
is a solvent-assisted process in which mobile oligomers aid in the removal of organic material. It
is further shown that using composite stamps, organic films can be patterned at a sub-100 nm
length scale. Among other features, this patterning process has enabled patterning of Organic
Light Emitting Diodes on a wavelength scale to reduce total internal reflection and thereby
enhance the outcoupling of light from the device.
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Chapter 1
Introduction
1.1. Motivation
The realization of organic electronic devices rests largely on the availability of
patterning technology suitable for organic materials. While photolithography is a mature
technology that has remained the process of choice for patterning inorganic electronics,
this is largely incompatible with organics due the detrimental effects of solvents used for
the application, development, and removal of photoresists. These effects include, but are
not limited to, dissolution, swelling, cracking, and delamination [1]. As a result, much
effort has been invested into the development of alternative methods of fabricating micro-
and nano-structured organic electronics. The focus of this project is two-fold: the
development of a novel soft-lithographic printing technique using PDMS to subtractively
pattern low-molecular weight, vapor-deposited organics, and investigating the role of
plasticizers in enhancing pattern transfer fidelity through hot embossing of optical
polymers.
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Prior work in our group has shown that relief-patterned PDMS stamps can be
used to subtractively pattern a wide array of organic small molecules [2]. In contrast to
other techniques, this process of elastomeric contact printing does not require the
application of external pressure, temperature, or solvents [3]. Furthermore, it is scalable,
and later in this work it is shown that elastomeric contact printing can be carried out
using flexible stamps, which can in turn be used in roll-to-roll processes. The goal of this
work is to better understand the mechanisms responsible for material removal and refine
Figure 1.1: AFM image of 70 nm wide features achieved on NN'-bis(3-methylphenyl)-N,N'-bis(phenyl)-9,9-
spirobifluorene (spiro-TPD) using elastomeric contact printing using a relief-patterned composite h-PDMS
and Sylgard 184 stamp.
it further to achieve finer resolutions as well as higher pattern fidelity.
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The elastomeric contact printing method presented in this document does not,
however, extend to larger molecules including polymers such as PMMA or j-Aggregates.
For patterning larger molecules that are amenable to air exposure, a hot embossing
machine was constructed to create nanostructured profiles in thin films of these materials.
Pattern fidelity is investigated as a function of plasticizer content and different materials
are used to judge the effectiveness of this method of patterning.
1.2. Thesis Overview
This section provides an overview of the content presented in this document,
divided by chapter. In Chapter 2, the latest developments in soft lithography are provided
to set the context for this thesis. Chapter 3 provides an overview of elastomeric contact
printing, including prior work conducted on this process to determine the mechanism
responsible for material removal. It provides further developments in our understanding
of the chemical basis of elastomeric contact printing and defines the parameters which
must be adjusted to improve the fidelity of this process. Chapter 4 discusses the limits of
elastomeric contact printing using PDMS and enhances this process using composite
stamps. Chapter 5 provides insight into some devices that can be fabricated using
elastomeric contact printing. A summary of this work and suggestions for further
developments is discussed in Chapter 6.
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Chapter 2
Current Approaches to Patterning Organics
2.1. Overview
Lithography is defined as the process of transferring a pattern from one medium,
such as a mask, to another material [4]. By far, the most established and widespread form
of lithography is photolithography, which is the exclusive method used to pattern silicon
and other inorganic semiconductors. However, the techniques used for fabricating
nanostructured silicon devices are unsuitable for use with organics, primarily due to the
incompatibility of these materials with the solvents used for the deposition, development,
and removal of photolithographic resists. The need for devising patterning methods for
chemically-sensitive organic materials has spurred the development of numerous
approaches for making micro- and nanostructured features, such as near-field
photolithography, inkjet printing, molding, and contact printing [8]. Of particular interest
to industry is the patterning of organic light emitting diodes (OLEDs) and organic thin
film transistors (OTFTs) [1]. In this chapter we survey a few of these alternative
technologies and examine their positive attributes and drawbacks.
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2.2. Additive Techniques
2.2.1. Shadow Masking
In practice, the conventional method of patterning organics is through the use of
shadow masks. In this technique, a finely patterned metal stencil is placed in close
proximity to the substrate of interest, through which organic materials are deposited
(Figure 2.1).
Top view Side View
(a)
(b)
(C)
(d)
Figure 2.1: Shadow mask deposition of OLED pixels 131.
Shadow masking suffers from several drawbacks. The feature resolution achievable
through shadow masking is typically limited to features on the order of 50 microns or
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larger, with mask thicknesses on the order of their respective feature sizes to preserve
aspect ratio. Thus, as features become finer, the masks become increasingly delicate and
are subject to breakage and other damage [9]. Shadow masking is difficult to scale;
furthermore, vacuum evaporation over large areas renders difficult the growth of
controlled thicknesses or precise doping of organic materials and makes inefficient use of
material. There is significant lateral dispersion of deposited material, in addition to
potential contamination of the film by dust from the mask [10]. In addition, substrate
alignment poses a challenge to high-volume manufacturing [4]. Nonetheless, shadow
masking is currently the most established practice for patterning small molecule organics
and is currently used in the fabrication of AMOLED displays. Advancements in this
process, such as small mask scanning (SMS), have streamlined the production of
displays. In this method, vertically-oriented shadow masks used in conjunction with
conveyor lines reduce the length of the equipment as well as processing time [11].
Nonetheless, greater scalability and higher throughput are desirable features of this
process.
2.2.2. Inkjet Printing
The technique of choice for patterning polymeric materials is inkjet printing, in
which a modified inkjet or bubblejet head deposits droplets of polymer solution on to a
substrate in a specified manner. However, inkjet printing requires highly specialized inks,
non-standard equipment, and extensive pre-processing techniques, such as substrate
surface energy patterning [5]. It is therefore inherently a low throughput process [1].
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Lastly, inkjet printing is limited to, at best, 1-2 microns in feature size [6], though in
practice, features are generally one to two orders of magnitude larger.
2.2.3. Organic Vapor Jet Deposition
Organic vapor jet deposition eliminates the need for the use of shadow masks by
using a nozzle block through which organic vapors are carried out using an inert gas. The
gas flow rate and the relative motion of the nozzle and the substrate are controlled so that
the desired pattern is achieved. Due to the heating of the nozzle and directional ejection
of the carrier gas, this method drastically reduces the waste caused through shadow
masking, as material is not lost on the surface of the mask or the walls of the chamber.
Eliminating the need for shadow masks makes the design more compact and increases the
rate of production with the added benefit that potential contamination by the mask is
eliminated. In addition, organic vapor jet printing can easily produce colored pixels for
displays through the use of multiple source cells within a single printer head.
Nonetheless, the resolution achievable through organic vapor jet deposition is once again
limited to the order of tens of microns.
2.2.4. Additive Microcontact Printing and Microcontact Chemistry
Microcontact printing was initiated by George Whitesides and his coworkers as a
method of efficiently reproducing patterns created by photolithography. Microcontact
printing uses a hard, patterned surface such as silicon or photoresist as a template against
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which a siloxane stamp is cast and cured at an elevated temperature, typically 600C. The
stamp is peeled from the master and is then used to transfer the relief pattern onto the
substrate of interest. The most commonly used siloxane polymer is Sylgard 184
polydimethylsiloxane (PDMS), a two-part formula consisting of a vinyl-terminated
prepolymer base and a curing agent comprised of a hydrosilane cross-linking solution and
a platinum-based catalyst. After curing, it forms a cross-linked polymer network of the
unit -Si(CH 2)3-0- [7]. PDMS is used for many microcontact printing applications due
to its flexibility, chemical inertness, optical transparency in the visible range, and
versatility. Polymer-based pattern transfer forms the basis of what is known as soft
lithography, which has a variety of benefits, such as fast, easy pattern replication,
compatibility with a wide variety of substrates and materials, and feature sizes
uninhibited by diffraction limitations
Microcontact printing was originally developed for the creation of self-assembled
monolayers, on gold and other noble metals. In this process, the cured PDMS stamp is
either saturated in a solution or drizzled with a thiol-containing apolar ink solution. Due
to the hydrophobic, porous nature of PDMS, the hydrophobic thiols reside not only on the
surface of the stamp, but diffuse into the PDMS bulk, creating a reservoir of ink. After
the stamp is dried, it is brought into contact with the metal film, and the thiol inks are
transferred to the metal surface in the contacted areas. The thiols act as a structured
chemical protectant against etching. Upon submersion in an etching solution, the
unprotected areas of the gold substrate are removed, while the thiol-containing areas
remain [7].
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This original soft lithographic process spurred many variants of microcontact
printing and microcontact chemistry. However, these techniques suffer from several
common drawbacks and limitations. For high-resolution arrays with feature sizes less
than 500 nm, stamp deformation decreases the reproducibility of transferred patterns.
These types of dense arrays also pose a challenge for inking processes, in that the same
mobility which allows inks to be transferred from the stamp to the substrate also induces
lateral diffusion of transferred inks, leading to blurring of features. Many soluble inks
also cause the stamp features to swell and deform. Microcontact printing also suffers
from contamination of substrates by low-molecular weight uncured oligomers. To
address these issues, a number of modified processes have been introduced.
High-speed microcontact printing improves the uniformity and fidelity of the
printed monolayer by decreasing the stamp-substrate contact times by three orders of
magnitude. Due to the low contact times, ink from the sidewalls of a featured stamp does
not have time to permeate the non-contacted areas. Another technique used to control the
spreading of thiols is to exploit the incompressibility of liquids by printing under water.
More significantly, submerged microcontact printing enables the use of stamps with
extremely high aspect ratios, which is defined as the height of a feature divided by its
lateral dimensions; one study has suggested that this technique would allow features with
aspect ratios as high as 100:1. As a third example, a contact inking process has been
developed to control the spread of thiols, in which a patterned stamp contacts an ink-
containing flat PDMS substrate and remains only on the protrusions of the stamp, which
uses substantially less ink and eliminates the need for solvents. Different processes of
microcontact printing modify the surface properties of PDMS to make it stiffer or less
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hydrophobic, while still others modify the chemistry of the inks that are used in order to
facilitate better substrate transfer [7].
2.3. Subtractive Techniques
2.3.1. Near-field Photolithography
Near-field photolithography can be employed to pattern fine metal features for
use in OFETs and other organic electronic devices. These processes employ an
elastomeric mask with relief features to come into contact with a film of photoresist that
is spin-cast on top of a metal film. UV light is passed through the mask, and depending
on the depths of the relief pattern, different phase shifts are achieved. When the phase is
shifted by in, a null is produced in the photoresist. Using a typical 365 nm wavelength
mercury lamp, one can achieve 100 nm features [8].
Photolithography has also been applied to patterning organic materials to achieve
features with micrometer resolution. In one process, parylene-C is deposited on top of
organic layers via CVD to protect them from the subsequent deposition and etching of
photoresist. Parylene films are nearly inert and resist solvents, strong acids, and bases.
The photoresist must be stripped without solvents, so that after dry etching, the pattern is
transferred to the parylene and the organic film below. The parylene can also be peeled
off manually and is therefore better suited to additive photolithography than subtractive
techniques. While such a process would make use of existing infrastructure for
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photolithography, the necessity to peel parylene physically yields high probability of
damage to the organic layers.
2.3.2. Subtractive Microcontact Printing
Prior work in microcontact printing of organics has employed relief-patterned
PDMS stamps with the addition of heat, partially cured stamps, manual pressure, or
combinations of these [12]. Although the resolutions achievable through these methods
are comparable to those achieved by other forms of microcontact printing, additional
processing steps often render these procedures inefficient or cumbersome, with low
throughput.
A patterning technique for organics that does not employ solvents or other
destructive techniques, that is high-resolution and scalable over large areas without
additional chemical, thermal, or physical processing is desirable. The goal of this thesis is
to develop and refine such a technique.
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Chapter 3
Elastomeric Contact Printing: Patterning by
Diffusion
3.1. Overview
This chapter introduces a powerful method of large-area nanostructure fabrication
for low molecular weight organic molecules, which will henceforth be referred to as
elastomeric contact printing, the primary subject of this thesis. This technique achieves
resolutions capable through conventional photolithography of bulk inorganic materials
with the efficiency of other forms of microcontact printing, without the need for added
temperature, external pressure, or post-stamp chemical processing. Figure 3.1 shows an
AFM image of 135 nm features transferred from a photolithographically patterned silicon
substrate' to a film of NN-bis(3-methylphenyl)-NN-bis(phenyl)-9,9-spirobifluorene
(spiro-TPD) using elastomeric contact printing. In this chapter, we explore the
mechanism responsible for material removal and examine methods for controlling the
consistency of material removal. Pattern transfer and nanoscale printing are discussed in
Chapter 4.
Silicon nanostamp purchased from Lighsmyth (http://lightsmyth.com/products/nanopatterned-silicon/index.php).
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Figure 3.1: A relief-patterned film of spiro-TPD using elastomeric contact printing.
Here, a hexagonally-oriented pattern of stamps is used with posts of 135 nm
diameter. The dark areas have a depth of 16 nm relative to the surface of the film
(lighter areas).
3.2. Background
Prior work in our group demonstrated that a variety of molecular organic thin
films can be subtractively patterned using the application of relief-patterned elastomeric
stamps [2]. In this process, PDMS is cast and cured against a template with
complimentary features and placed in contact with a low molecular weight organic thin
film. After a prescribed amount of time, the stamp is removed. The contacted areas
exhibit material removal (Figure 3.2b). The schematic for this stamping process is shown
in Figure 3.2a. The amount of material removed through elastomeric contact printing is
dependent not only on the type of material being printed, but the duration of contact
between the stamp and the film. Figure 3.3 shows the time dependence of five different
materials conducted in one iteration of a time-dependence experiment: 3-(4-biphenylyl)-
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4-phenyl-5-tert-butylphenyl- 1,2,4-triazole (TAZ), N,NO-bis(3-methylphenyl)-N,NO-
bis(phenyl)-benzidine (TPD), N,NO-bis(3-methylphenyl)-N,NO-bis-(phenyl)-9,9-spiro-
bifluorene (spiro-TPD), 2,20,200-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)
(TPBi), and tris(8-hydroxy-quinolinato)aluminum (Alq3). Each point represents the
average of six data points whose thicknesses were measured through ellipsometry. The
six data points were taken from three thickness measurements of two separate stamps.
The depth of the as-deposited film was taken to be the average of three measurements.
The error bars in the graph represent the standard deviation of the thicknesses. Additional
data (not shown here) taken over the course of one week shows that material removal
continues over the span of days. Thus, even after an extended period of time, the
thickness of material removed continues to increase.
Prior work by Choi, et. al. [3] employed contact angle measurements to
demonstrate favorable work of adhesion between the polymeric stamp and the organic
thin film. Based on this data, adhesion was proposed as mechanism responsible for
material removal. However, the time dependence measurements show material removal
progresses indefinitely with time, a result that is inconsistent with lift-off due to static
attraction. Furthermore, Table 3.1 shows that material removal does not scale directly
with increased work of adhesion. For instance, although TPBi features a 20% higher
work of adhesion with PDMS than does TAZ, the latter material exhibits approximately
twelve times as much material removal after 1 hour (Figure 3.3a). Thus, an alternative
explanation for material removal is necessary.
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(a) (b)
I
I1
Figure 3.2: (a) Process flow showing the elastomeric stamping process. A featured stamp is brought into contact
with an organic film and left for a prescribed amount of time. After the stamp is removed, the film exhibits
material removal in the contacted areas. (b) Results of this process for sub-mm scale printing on spiro-TPD. The
scale bar represents 500 sm.
E250C
200
e 150
E100
~50
01
* TAZ
*pTPD
, nI
* T~
0 10 20 30 40 50 60
Stamp Contact Time (min)
Figure 3.3: Material removal as a function of contact time between the elastomeric stamp and the organic thin film for
five different materials. The data suggests that diffusion is the mechanism responsible for material removal 1121.
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(a)
Surface Work of Adhesion (mJ/m2) Material Removed after 60 min
TPBi 102 19±1 nm
Alq3 94 12±1 nm
Spiro-TPD 90 39±1 nm
TAZ 85 229±25 nm
TPD 76 94±6 nm
Table 3.1: Work of adhesion between the PDMS stamp and the organic film [2] does not correspond to the mean
material removed after 1 hour [12].
It is well-known that many hydrophobic molecular species are capable of
diffusion into PDMS. Indeed, this is true in the case of the original microcontact printing
process developed by Whitesides and coworkers, where the diffusion of alkanethiols into
the PDMS stamp is exploited to control the rate of transfer of these molecules to the
surface of the metal film being etched [7]. In the current contact printing technique, the
exponentially decreasing rate of material removal (Figure 3.3) suggest that diffusion of
molecules from the organic thin film is responsible for material removal, as the driving
force for diffusion of solutes into a material is proportional to the concentration gradient
that develops inside it [12]. Under this hypothesis, differences in material removal rates
are likely linked to the differences in diffusivity between different organic molecules into
the PDMS bulk.
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spwo-TPD fdms Alq3 fms
before oxygen plasma
after oxygen plasma
three weeks later
Figure 3.4: Excitation of samples under 365 nm wavelength UV light [121. (a) Spiro-TPD and (d) Alq3 films
prior to oxygen plasma show photoluminescence of organic chromophores under UV excitation. After oxygen
plasma, (b) spiro-TPD and (e) Alq3 has been removed on the glass substrates, while it remains protectively
embedded within the PDMS stamps on the other two samples. After three weeks (c) spiro-TPD has diffused
farther into the PDMS than has (f) Alq3.
To test the diffusion hypothesis, two sets of samples were prepared, each
consisting of a patterned PDMS stamp, a flat PDMS stamp, a silicon substrate, and a
glass substrate. 20 nm of spiro-TPD and 7.5 nm of Alq3 were evaporated through a
shadow mask with 5 mm by 5 mm aperture onto separate flat PDMS stamps and the glass
substrates, and blanket deposited onto separate silicon substrates. The featured surfaces
of the patterned PDMS stamps were placed into contact with the blanket-deposited films
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of spiro-TPD and Alq3 and delaminated after 20 minutes to ensure material removal.
After removal, the glass samples, flat PDMS stamps, and patterned PDMS stamps were
subject to excitation by a 365 nm wavelength handheld UV lamp to examine
photoluminescence. Figures 3.4a,d show the results of this test. After the images of the
photoexcited samples were taken, all samples were exposed to oxygen plasma for 30
seconds, which is known to cause the removal or photooxidation of organic dye
molecules. The photoluminescence of the samples was once again imaged (Figures
3.4b,e). While both glass substrates showed no luminescence, the luminescent patterns on
both PDMS stamps were preserved, indicating that the chromophores had protectively
diffused into the polymer bulk, shielding them from the oxygen plasma. To further
confirm the diffusion hypothesis, the PDMS stamps were imaged under the same UV
excitation three weeks after the oxygen plasma test (Figures 4.3c,f). The spiro-TPD
stamps show blurred, indistinct features, while the Alq3 stamps show little change from
their prior image. Table 3.1 shows a higher rate of material removal for spiro-TPD than
for Alq3, which is consistent with the diffusion hypothesis: if diffusion is indeed
responsible for the removal of organic molecules from the thin films, a higher rate of
material removal signifies more rapid diffusion through the polymer bulk. In agreement
with these results, the spiro-TPD molecules had diffused farther through the stamp than
the Alq3 molecules. It was thus confirmed that diffusion of organic material is the
mechanism responsible for material removal in elastomeric contact printing.
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3.3. Theory
In order to viably implement elastomeric contact printing for patterning organics,
it is necessary to understand the factors that contribute to the diffusion of organic species
into the polymer matrix. In particular, the physical basis of diffusion must be examined in
relation to the chemical structure of PDMS. Based on these findings, the printing process
can be improved upon by adjusting the fabrication and processing parameters of the
polymer.
3.3.1. The Structure of PDMS
PDMS is an elastomer produced by combining a siloxane base containing
vinyl groups with a platinum-based curing agent that aids in the formation of SiH bonds
across the vinyl groups. Thus, when the base is mixed with the curing agent, the
oligomers in the mixture cure to form Si-CH2-CH 2-Si linkages over the numerous
bonding sites present in the oligomers, which form a three-dimensional cross-linked
network. However, not all the oligomers in the mixture cross-link in the network. In
general, free oligomers tend to be low molecular-weight molecules with fewer repeated
[SiO(CH 3)2] units. As the number of bonding sites increases, a greater number of
linkages are statistically favored [13].
The material removal experiments listed in this chapter employ Sylgard 184 as to
fabricate stamps. Sylgard 184 is a linear polydimethylsilioxane, and is the most widely-
used silicone in research and industry. Figure 3.5 shows the chemical structure of linear
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PDMS. Its chemical formula is given by CH3[Si(CH 3)20],Si(CH3)3 , where n is the
number of repeating [SiO(CH 3)2] units, which generally ranges between 90 and 410.
CH3  CH3
CH3 - S 0 -Si0 - Sit-CH3
CH-I3  CH3  CH3n
Figure 3.5: The Chemical Structure of PDMS. The bracketed portion signifies the repeated unit.
3.3.2. Challenges: Differential Patterning Rates and Uncured Oligomer Transfer
The concentration of uncured oligomers and the free space within the PDMS are
observed to be the primary factors for determining the rate of organic material removal. It
is observed that enabling increased flow of uncured oligomers consequently increases the
rate of diffusion of organics. This is achieved for PDMS samples with a lower degree of
curing, as well as for those with greater space within the matrix to allow oligomers and
organic molecules to flow. However, even when cast and cured at a given temperature,
PDMS stamps have been observed to yield extreme variation in the rates of material
removal. This is due, in part, to differences in the quality of contact between the film and
the stamp, but more significantly, it is affected by the degree of curing of the PDMS
matrix. Differential removal rates can prove problematic when trying to remove a
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controlled thickness of material. Table 3.2 lists the standard deviations of six material
removal experiments with PDMS for a one hour stamp period to be in excess of 40%.
An even more serious problem when patterning with PDMS is the risk of
substrate contamination by uncured polymer chains in the network. The transfer of un-
cured PDMS chains from the bulk of the stamp to the film is a matter of concern in many
applications. One of the most notable changes that occurs in such situations is the change
in wettability of a material contaminated by uncured oligomers. PDMS is extremely
hydrophobic, and as a result, its presence between two materials of lower contact angle
can cause delamination of one or more of these layers. In the case of organic light-
emitting diodes, it has also been observed that the presence of PDMS oligomers between
an organic layer and a metal electrode can cause diffusion of species between the layers,
and consequently device failure [16]. This has been verified in the current study; in
comparing the lifetimes of an OLED that was fabricated normally, and an otherwise
identical OLED whose hole transfer layer was contacted for an extended period of time
during its fabrication by a PDMS stamp, the stamped OLED experienced a >20%
decrease in lifetime, largely due to contamination by stamp residues.
3.3.3. The Role of Free Oligomers in Material Removal
It was hypothesized that uncured oligomers in the PDMS assist in the diffusion of
organic material into PDMS. To determine this, several material removal experiments
were conducted to test the relation between the concentration of free oligomers and
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material removal. Most notable among these were experiments to test the effects of stamp
age, oligomer extraction, and curing agent concentration on material removal.
Although a finite concentration of uncured oligomers always remains in the bulk
of a PDMS sample, the concentration of mobile chains decreases over time as a
percentage of these species cross-link over time. If elastomeric contact printing is a
solvent-assisted process, then an aged PDMS stamp should remove less material than an
otherwise identical but more recently cured stamp. Age trials were conducted to test this
hypothesis: a sample of PDMS was prepared and stamped each day over the course of
one week to determine material removal.
To test the effects of oligomer extraction, an extraction procedure outlined by
Lee, et. al. was employed to remove oligomers from PDMS stamps with the expectation
that with fewer free oligomers, material removal would decline. In this procedure, PDMS
is swelled with the use of solvents, which enter the matrix and mix with uncured
oligomers. Initially, the concentration of uncured oligomers in the solvent and the
concentration of the solvent molecules within the PDMS matrix is zero. Due to the strong
concentration gradient on either side of the barrier, diffusion of both species occurs,
leaving fewer uncured oligomers within the PDMS bulk. The stamps are then transferred
through a series of different solvents to progressively de-swell the PDMS and remove
both uncured oligomers as well as residual solvent species. They are finally annealed to
evaporate the remaining solvents within the PDMS [13].
The progression is chosen so that each successive solvent swells PDMS to a lesser
extent; that is, the solvent mixes less readily with PDMS. In order for two materials to be
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soluble, their cohesive energy densities must be similar in order for each species to
separate clusters of the opposite molecules from one another. This is defined in terms of
the solubility parameter, 6, which is expressed in terms of the dispersion forces, polar
forces, and hydrogen bonding forces as follows:
Cohesive Energy Density = 62 = 6 2 dispersion +6 2 polar +62H-bonding
When a polymer such as PDMS is placed into a solvent, it swells due to the diffusion of
the solvent into the bulk. Thus, the solubility parameter is a useful metric for predicting
the swelling behavior of a polymer in a solvent, as similar values indicate higher
affinities between the molecules of the solvent and the molecules of the polymer. The
square of the solubility parameter of PDMS cited from Lee, et. al. as 62 = 53.29 cal/cm 3
[13].
PDMS composition ratio experiments were conducted to more directly test the
effect of uncured oligomers on material removal. PDMS cures most effectively at an
optimal base-to-curing agent ratio of 10:1. Deviating from this ratio in either direction
leaves a larger percentage of PDMS chains uncured. As the concentration of curing agent
decreases, cross-linking is inhibited due to an insufficient concentration of the cross-
linker. Much greater curing agent concentrations prevent the pre-polymer fluid from
mixing adequately, so that the PDMS contains small, dense clusters of cross-linked
polymer embedded within a more gelatinous matrix. Then it would be expected that
material removal should be enhanced as the ratio of base to curing agent deviates more
strongly from 10:1.
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3.4. Methods
All experiments in this section were conducted on vapor-deposited films of spiro-
TPD. For stamping trials conducted over the course of one or more hours, at least 200 nm
of material was deposited to eliminate substrate effects. For stamping trials confined to
ten minutes or less, the films were grown to at least 50 nm.
3.4.1. Age
PDMS stamps were formulated using a 10:1 ratio of base to curing agent,
degassed in vacuum, and cured for 24 hours at 70"C. The stamps were cut upon removal
from the oven and stored at room temperature. The stamps were applied each day for a
total of seven days and the material removal was compared for each of these samples. In
addition, for the extraction experiments listed above, a new batch of PDMS was prepared
to compare material removal rates against the extracted and as-cast stamps that were
prepared simultaneously. Since the extraction procedure occurs over the course of one
week, it is expected that many of the oligomers cross-link during that period, so freshly-
cast PDMS was used as a comparison.
3.4.2. Oligomer Extraction
PDMS stamps were formulated using a 10:1 ratio of base to curing agent,
degassed in vacuum, and cured for 24 hours at 70*C. The cured PDMS was cut precisely
into centimeter-square size stamps of 0.5 cm thickness, and were subjected to an
extraction procedure. Twenty-three to thirty stamps (11.5 to 15 mL by volume) were
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placed in 400 mL of diisopropylamine for one day at room temperature. After one day,
the stamps were transferred into 400 mL of ethyl acetate for one day, and then 500 mL of
acetone for two days, exchanging the fluid after the first of these two days day. The
remaining acetone was removed by annealing the stamps in an oven at 90'C for two days
[13]. Both the extracted and as-cast stamps were dried in the oven for consistency.
3.4.3. Curing Agent Concentration
PDMS was prepared in base-to-curing agent ratios by weight of 20:1, 10:1, 5:1,
5:2. These mixtures were degassed and cured at 70'C in vacuum for 36 hours, as they
were conducted alongside patterning experiments which are benefitted by longer curing
times and vacuum curing conditions.
3.5. Results and Discussion
As expected, material removal declines and levels off with age, as shown in
Figure 3.6. This is in agreement with the expectation that lowering the levels of uncured
oligomers reduces material removal.
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Figure 3.6: The plot shows the amount of material removed on the nth day after curing. The plot shows a ~25%
reduction in the amount of material removed since casting. This is likely due to the cross-linking of mobile
oligomers and the consequent reduction of free space.
Contrary to the original expectation that oligomer extraction would reduce
material removal, the rate of material removal was more than doubled when compared to
PDMS cured at the same time and not subjected to oligomer extraction. Six experiments
were conducted over a six month period to determine material removal over time. During
that time, ambient temperature and humidity conditions shifted significantly. Stamps that
were prepared as-cast fluctuated greatly in material removal rate. Extracted stamps,
however, showed a high degree of consistency. The results are summarized in Table 3.2.
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Table 3.2: Material removal after 1 hour of contact for Extracted and As-Cast stamps on spiro-TPD.
EXTRACTED PDMS
A
AS CAST PDMS
0 10 20 30 40
Time (Minutes)
50 60 70
Figure 3.7: Comparison of
same time.
material removal for extracted PDMS stamps and as-cast stamps prepared at the
The original conclusion based on these experiments was that material removal
through elastomeric contact printing is not solvent-assisted. However, subsequent trials
were conducted in which the material removal of extracted stamps was compared not
only to stamps that were cast and cured at the same time, but to new air-cured stamps that
are inherently higher in free oligomers due to a lesser degree of cross-linking (Figure
40
50
45
'E 40
35
030
v 25
- 20
$ 1 5
2 10
5
0
3.8). The results showed that extracted PDMS is only incrementally more efficient at
removing material than air-cured PDMS.
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Figure 3.8: Material Removal as a function of time for Extracted stamps, New and Aged Unextracted (As-cast)
stamps, and Air Cured Stamps. Extracted stamps have more free matrix space, while air cured stamps have
more free oligomers, both of which contribute to diffusion of organics into the stamp.
These results indicate that material removal most likely declined in the as-cast
samples due to ageing and post-annealing, which rendered them less effective than the
extracted stamps cast at the same time. The latter most likely experienced greater material
removal rates due to the enhancement of free space in the polymer matrix. It is possible
that an overabundance of free oligomers acts as a bottleneck, slowing the rate of material
removal in spite of a greater concentration of free oligomers. The data suggests that the
free space gained through oligomer extraction offsets the reduction of free oligomers,
yielding a higher removal rate. In addition, the consistency of material removal for
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extracted stamps suggests that, for a given extraction procedure, the residual free
oligomer concentration is standardized.
The curing agent concentration experiment showed much higher material removal
rates for lesser-cured PDMS. Table 3.3 shows the results of this experiment. All stamps
were cast and cured at the same time, under the same conditions. Based on these results,
we confirm that the presence of free oligomers at a given free volume enhances material
removal, and therefore conclude that the diffusion process which drives elastomeric
contact printing is a solvent-assisted process.
Base: Curing Agent 20:1 10:1 10:2 10:4
Mean Material Removal 3.6 nm 2.9 nm 4.0 nm 5.8 nm
Table 3.3: The values for mean material removal denote the average of three material removal measurements
for stamps of the above curing agent ratios that were in contact with a film of spiro-TPD for 90s. A 10:1 ratio
gives the highest degree of curing, and as seen above, the lowest amount of material removal. As the base: curing
agent ratio deviates from 10:1, the concentration of free oligomers, and consequently, the material removal rate,
increases.
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Chapter 4
Pattern Transfer through Elastomeric
Contact Printing
4.1. Initial Findings
Elastomeric contact printing has proven to be an effective method of producing
submicron features over areas on the order of several square centimeters. Figure 4.1
shows the results of this technique for features of various sizes on vapor-deposited films
of N,N'-bis(3-methylphenyl)-N,N'-bis(phenyl)-9,9-spirobifluorene (spiro-TPD) using
Sylgard 184 stamps cast in ratio of 10:1. While the images show discernible pattern
transfer, applications with low defect tolerance require higher pattern transfer fidelity. In
particular, as lateral feature sizes shrink, uniform contact between the features of the
stamp and the film without deformation becomes increasingly critical in order to achieve
consistent material removal across the contacted areas. Figure 4.2 and the images
presented in Figure 4.1 also show that for features near the order of 1 micron, surface
roughness is apparent. This chapter describes the challenges posed by pattern transfer
through elastomeric contact printing and potential solutions to many of these issues.
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Figure 4.1: AFM images of nanopatterned masters and patterns transferred to Spiro-TPD. 2D Nanostamp SEM
Image obtained through supplier, available at Lightsmyth.com.
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Figure 4.2: AFM image of feature roughness on a patterned film of spiro-TPD.
4.2. Challenges
Patterning flaws can be attributed to defects that occur at any point during the
stamping process. Proper pattern transfer can be ascribed to the following elements:
(1) The master must be free of contaminants and stray particulates. It must possess a thin
and uniform release layer for adequate removal of the stamp.
(2) The PDMS prepolymer must be homogeneous and ideally free of trapped air or
gasses, and must everywhere conform to the surface of the master.
(3) Curing must occur uniformly across the featured surface of the stamp. Ideally, the
curing conditions should ensure an adequate degree of cross-linking to achieve the
optimal hardness, concentration of uncured oligomers, and free space in the matrix.
(4) No warping, differential swelling or shrinking, or cracking should occur during or
after curing.
(5) Release of the stamp from the master should not cause stamp breakage, tears,
irreversible stretching.
(6) Swelling or deformation should not occur to the stamp after release from the master.
(7) The stamp must be cut from the PDMS bulk carefully to ensure that no stray edge
protrusions or debris prevent proper contact between the stamp and the film.
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(8) The stamp must uniformly contact the substrate as it is placed in contact with the film.
(9) The stamp features must not deform during contact.
(10) Material from the film must diffuse readily into the polymer bulk.
(11) Uncured oligomers and other species from within the polymer bulk should not
contaminate the surface of the film.
(12) Diffusion of material through the edges of the features should be minimized.
(13) The PDMS must release cleanly and uniformly from the substrate.
Defects observed during elastomeric contact printing experiments were caused by failure
to adhere to one or more of the above points. The following sections describe the
challenges that are frequently observed during the patterning process.
4.2.1. Theory of Stamp Deformation
Although soft lithography features many unique benefits, its scope is typically
limited by stamp deformation due to the low elastic modulus of conventional
polydimethylsiloxane. After release from the master, deformations in the stamp can arise
due to insufficient mechanical stability of features. Such deformations include, but are
not limited to, roof collapse, lateral collapse, buckling, and the rounding of features from
surface tension [14]. These defects are illustrated in Figure 4.3.
46
Roof Collapse
Lateral
Collapse and
Adhesion of
Neighboring
Features
Buckling (d)
(e) L
Feature
Rounding
Due to
Surface
Tension
Figure 4.3: (a) Normal contact between the
stamp and the film. Here, h denotes feature
height, 2a denotes the dimensions of the base of
the features, and 2w is the spacing between the
features; (b) Roof collapse commonly occurs
for w>>h; (c) Buckling and (d) Lateral collapse
commonly occur for w<<h; and (e) Surface
tension can cause rounding of features.
Aspect ratio is defined as the ratio of a feature's height to its base width. Hui, et.
al. calculate conditions for the defects listed in Figure 4.3 to not occur for a stamp bonded
to a stiff backplane, which is generally the case in manufacturing [14]. In the following
discussion, we define E to be Young's Modulus and o to be the remote stress, given by
the ratio of the compressive load P on a given feature to the dimension of the unit cell.
That is,
P
oo =2a+2w'
For low aspect ratios, roof collapse commonly occurs when the structure is
incapable of supporting the weight of the roof (the segment connecting adjacent features,
labeled 2w in Figure 4.3b). If any portion of the roof is displaced from its equilibrium
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Normal
stamp(a)
(c)
(b)
position by -h, the entire surface of the stamp can be deformed into contact with the
substrate due to surface adhesive forces. For relatively low feature densities (the cases for
which roof collapse is a viable concern), the condition for preventing roof collapse is
given to be [14] approximately
-
3
oc00w < 1
2Eh
This equation essentially states that the rigidity of the roof, given by approximately
4Eh/3, must be greater than the compressive force, -2aow, acting across the roof.
For high aspect ratios, in which h>>a, buckling and lateral collapse are common
for structures that are not sufficiently rigid. Buckling occurs when surface features
collapse under their own weights or under applied pressure. Hui, et. al. [14] list the
criterion for preventing buckling of surface features to be given by
-1.10oh 2  a 3
iz E w+a
A similar problem experienced by structures of high aspect ratio is the lateral collapse of
neighboring features onto one another due to surface adhesive forces. This often occurs
during the inking of a stamp, when capillary forces are large enough to cause contact
between neighboring features [14]. For elastomeric contact printing, a similar process
might occur, in which features are drawn toward one another upon contact with an
organic film.
Another challenge to nanoscale patterning is static feature deformation, even in
the absence of structural collapse. After a stamp is released from its master, surface
tension will smoothen out sharp corners into smooth equilibrium surfaces to minimize
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surface energy and elastic strain energy (Figure 4.3e). This can cause significant
deformation of for fine features in soft stamps. Although an exact mathematical solution
defining structural properties necessary to prevent such changes is cumbersome [14]
more elastic materials are observed to deform more than harder materials [17].
During the curing of the PDMS stamps, heat can cause differential swelling of the
polymer, causing warping and deformed pattern formation. For stamps cured against a
hard backplane, the homogeneity of elastomeric displacement is contingent on the ratio
of the thickness of the stamp to its lateral dimension. If this ratio is much less than 1, then
the stress in the elastomer is approximately uniform. If the ratio is on the order 1, the
material close to the surface of the stamp can deform freely, but points close to the
elastomer/ glass interface cannot expand or contract [14]. In the case of a PDMS stamp
cured against a featured template, the backside of the PDMS would deform much more
freely than the featured side. However, when the stamp is cut and peeled from its master,
residual stresses between the backside of the stamp and the featured surface might cause
pattern deformation.
The process of releasing the stamp from the master can cause tears or fractures
along the surface or bulk of the polymer due to surface tension. Hui, et. al. estimate the
force needed to separate a stamp from its master using fracture mechanics, in which
spaces between neighboring features can be viewed as the interior of internal cracks of
width 2w, with the assumption that h/w<<1, to obtain a maximum possible pull-of stress.
In the limit that w>>a, the critical pull-off stress [14] is determined to be
ulLoff _ 8EWad
COPO 37rw
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The result indicates that increasing the elastic modulus of a stamp would render it stiffer,
requiring a higher stress for removal from the master. The implication, then, is that faults
introduced through this method would negatively impact the resolution of contact
printing, since stiffer stamps are more prone to cracking and fractures. It is necessary to
choose materials, then, that have an optimal hardness.
Lastly, while it is found that higher aspect ratio structures are more prone to
collapsing under their own weights or adhering to one another, it is similarly found that
high pattern density molds contain greater defects than low density ones. In fact, for
features on the order of 100 nm or less, pattern density is found to have a greater impact
on defect density than aspect ratio. The ciritical Young's modulus of a pattern at the
boundary of stability or collapse is given by
E = 24h
4
(2r) 3 (2w+r) 2 *
Here, the parameters are defined as in Figure 4.3a, with T denoting surface tension.
Surface roughness is a final challenge that can, in certain situations, prove to be
problematic. Although the films used here were sufficiently smooth to enable contact,
any non-uniformity on the surface of the stamp or the substrate can yield improper
pattern transfer when uniform contact is inhibited by feature roughness. It is likely that
PDMS surface feature roughness contributes to the pattern roughness seen in Figures 4.1
and 4.2. In such scenarios, increased pressure may be necessary to achieve uniform
contact, but the applied pressure should not exceed the thresholds for structural stability.
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4.2.2. Results of Stamp Defects
Figure 4.4 shows SEM images of a PDMS stamp that was cast against a patterned
silicon master (4.4.a) and subsequently coated with 3 nm of chrome to enable imaging.
The stamp was cast against a 50 nm depth, 139 nm period, 50/50 duty cycle silicon
master. As expected, since the aspect ratio is low, the figure does not show buckling or
lateral collapse; however, roof collapse would likely pose a challenge for a stamp of the
given dimensions. Nonetheless this occurs only after the stamp contacts a substrate, and
would not be visible through an SEM image of the stamp. Figure 4.4 shows areas of poor
contact between the polymer and the master, as well as warping, fractures, and swelling
of the PDMS. Additionally, even after 36 hours, the stamp exhibited non-uniform curing,
which can lead not only to deformed stamps, but can permanently contaminate the
master.
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Figure 4.4: (a) AFM Image of Silicon Master; (b) Defective pattern formation; (c) Warping; (d) Fractures
induced through warping; (e) Indentation at a single point; (f) Fault line and shifting of features caused by a
fracture; (g) Long-range defects; (h) Swelling of features after removal of stamp from master.
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Trapped gas bubbles have also been observed to cause severe non-uniformities in
PDMS thickness. In order to achieve uniform contact between the pre-polymer and the
master, Ye, et. al. recommend curing in vacuum [21]. However, even after degassing in
vacuum for several hours and transferring to an oven, curing at high temperature in
vacuum can cause gas pockets in the prepolymer to expand and form bubbles along the
surface. While this does not affect the fidelity of the stamp's features, non-uniformities in
thickness have been observed to cause differential contact.
4.2.3. Contact Issues and Stamp Deformation During Pattern Transfer
Uniform contact between the stamp and the substrate is vital to proper pattern
transfer over large areas. After the film is contacted by the stamp, a front of contact
moves along the surface of the film until the entire stamp conforms to the substrate.
Contact deformities that are visible to the eye can occur at the moment that the stamp is
placed on the film if the front does not move uniformly or completely over the substrate
(Figure 4.5a). This poses a serious challenge, particularly for high removal-rate materials.
Micro- and nano-scale contact issues can also occur as a function of stamp non-
uniformities that can result in material removal greater than the feature depth (Figure
4.5b).
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Figure 4.5: (a) A PDMS stamp placed against with a film of spiro-TPD shows non-uniform contact. The dark
areas underneath the stamp show adhesion while the lighter areas show a gap between the film and the stamp.
(b) An aged nano-patterned PDMS stamp with (70 nm line width features) formulated with a base to curing
agent ratio of 10:4 shows (lower elastic modulus than 10:1 cured PDMS) exhibits significant surface warping on
the order of 1 micron and produces differential contact with a thin film of spiro-TPD, as shown in the AFM
image. Thus, material removal induced by micro-scale warping can exceed the feature depth of the stamp.
In addition to warping, nanoscale features transferred to a substrate have been
observed to become indistinct as contact time between the stamp and the film increases.
Figure 4.6 shows contact as a function of time for a film of spiro-TPD contacted with a
stamp of 70 nm feature size. For longer stamping periods, the features transferred to the
film are blurred. This can be due to diffusion through the sidewalls of the stamp as the
stamp's features sink into the film, but is most likely due to roof collapse, as any point of
contact between the roof and the substrate will rapidly cause the collapse of the entire
roof [14]. It may also be due to adhesion of the stamp's features with each other. The
results from this and the previous section suggest that stiffer features are desirable for
high-resolution pattern transfer of nanostructures less than approximately 500 nm.
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Figure 4.6: The features transferred to a film become indistinct as contact time increases. A 70 nm featured
stamp is placed in contact with a film of spiro-TPD for (a) 30 seconds, maximum feature depth of 20 nm; (b) 60
seconds, maximum feature depth of 30 nm; (c) 90 seconds, maximum feature depth of 25 nm; (d) 120 seconds,
maximum feature depth of 15 nm. By the end of 2 minutes, the features in the film are completely indistinct.
This is likely due to roof collapse, as any point of contact between the roof and the film immediately results in
the collapse of the entire roof due to adhesion. Thus, as the features of the stamp sink into the contacted film,
roof contact becomes increasingly likely.
4.2.4. Uncured Oligomer Transfer
Chapter 3 discusses the role of uncured oligomers in assisting the removal of
material from a film to be patterned. While the oligomers play a necessary role in
patterning, their residue on the patterned film after stamp delamination can cause
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unwanted parasitic effects in patterned devices, such as the detachment of metal
electrodes from the body of an OLED [16]. Furthermore, these residues may not only
alter the fidelity of the featured film immediately after the pattern is produced, but over
time may cause the flow of organic material within a featured surface, blurring and
disrupting the pattern produced. Lastly, it is observed that with a greater degree of curing,
stamp feature stiffness is enhanced, but fewer free oligomers are available to facilitate
diffusion and enable material removal. The goal of this work, then, is to formulate stamps
with the optimal concentration of uncured oligomers, free matrix space, and hardness to
enable high-fidelity pattern transfer at a consistent rate, while consequently minimizing
surface contamination by free oligomers.
4.3. The Role of Hardness in Stamp Fidelity and Pattern Transfer
4.3.1. Hardness Enhancement with h-PDMS
Most microcontact printing techniques employ Sylgard 184, which when
produced in a 10:1 ratio of base to curing agent and cured at 60'C for 24 hours, has a low
compression modulus that is typically listed around 2.0 N/mm 2. Altering the curing time
and temperature can yield at most a two-fold enhancement in the compression modulus.
For applications involving feature fabrication on the scale of 500 nm or finer, the use of
Sylgard 184 is of limited value due to the deformations that have been discussed in the
previous section [15].
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Schmid and Michel investigated the relationship between the compression
modulus of PDMS and the molecular mass between crosslinks, M, and found that the
compression modulus is inversely correlated to the molecular mass between cross-links,
as reproduced in Figure 4.7. They also found that surface hardness related linearly to the
compression modulus of PDMS.
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Figure 4.7: Calculated values for the compression modulus of PDMS as a function of the
molecular mass between end-linked chains. Reproduced from [15].
PDMS is comprised of a mixture of very short and relatively long chains. In Schmid and
Michel's study, short links are shown to provide structural rigidity and hardness. Sylgard
184 and similar two-part PDMS formulations employ end-linked reactions to form a
cross-linked network. Although harder PDMS structures can be formulated using shorter
cross-linked chains, toughness (denoted by strain at break) is compromised in these
scenarios. Toughness is essential to preventing fractures upon release from the master. In
order to counter the brittleness of end-linked short chain polymers, the authors
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formulated a new type of PDMS based on vinyl copolymers. This material is cited to
have a compression modulus of approximately 9 N/mm2, over 4 times that of Sylgard
184. Using this formulation, the authors were able to accurately reproduce patterns in h-
PDMS on the order of 80 nm.
Although feature replication with h-PDMS is readily achieved, its brittleness
proves to be problematic to microcontact printing. A study by Odom, et. al. states that
stamps cast from h-PDMS would spontaneously break off from the master upon cooling
due to the high thermal expansion coefficient of h-PDMS, and that manual pressure was
needed to achieve conformal contact between the stamp and the substrate being
patterned. For this work, initial contact printing trials were conducted using h-PDMS
stamps instead of Sylgard 184. Although the structures were considerably more rigid, the
material was too brittle to facilitate cutting and partially crumbled upon removal from the
curing dish. Because of this, a lot of debris was created that remained on the surface of
the stamp, which prevented contact with the organic-containing substrate. Although
material removal was visible, the difficulties inherent to the careful processing of h-
PDMS stamps render their use impractical.
4.3.2. Composite h-PDMS/ Sylgard 184 Stamps
To harness the benefits of h-PDMS for soft lithographic processes, Odom, et. al.
propose the use of composite stamps comprised of a micron-scale patterned layer of h-
PDMS cured beneath a several millimeter thick slab of Sylgard 184 for soft lithographic
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processes employing PDMS to additively transfer materials. The authors were able to
replicate features down to ~50 nm using this technique [17].
Using the composite stamp fabrication procedure outlined by Odom, et. al. [17],
elastomeric contact printing experiments were carried out in a similar fashion to those
described in Sections 4.1 and 4.2. The use of a thin layer of h-PDMS confined to the area
of the patterned substrate and supported by a flexible backing enabled cleaner cutting and
removal of the stamp from the dish without the formation of excess debris. In addition,
excellent contact was achieved between the stamp and the organic substrate. The
following sections describe the fabrication methods and results of these experiments.
4.4. Methods
All AFM images were obtained using ACAFM mode using Bruker 0.01-0.025 K-
cm Antimony-doped Si tips. Patterned silicon wafers with various feature sizes were
purchased from Lightsmyth, Inc. (lightsmyth.com) for use as masters. The wafers were
ashed and subjected to fluorination with (tridecafluoro-1,1,2,2-tetrahydrooctyl-
trichlorosilane) purchased from Gelest (gelest.com) in a vacuum chamber for one hour at
room temperature to facilitate the release of the PDMS stamps from the masters. Unless
otherwise noted, PDMS prepolymer was prepared using Sylgard 184 with a 10:1 ratio of
base to curing agent and degassed for 15-30 minutes until all visible bubbles had
disappeared. The prepolymer solution was carefully poured over the fluorinated silicon
wafers in a petri-dish and again subjected to evacuation until all bubbles had disappeared.
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Stamps were cured in vacuum for 24-36 hours at 70*C. Vapor-deposited films of N,N'-
bis(3-methylphenyl)-N,N'-bis(phenyl)-9,9-spirobifluorene (spiro-TPD) of thickness
greater than 50 nm were contacted with the relief-patterned stamps for varied lengths of
time, depending on the experiment. Spiro-TPD was used due to its stability against
degradation in air and its compliance with this method of contact printing.
4.4.1. Curing Agent Concentration
As discussed in Section 4.3.2, the degree of curing of the PDMS polymer is
inversely correlated to the material removal rate and directly related to the hardness of the
stamp. Thus, it was hypothesized that increasing the degree of PDMS cross-linking
would enable better feature definition and yield a slower patterning process, producing
films with less disorder and fewer defects. To investigate pattern transfer as a function of
curing agent to base ratio, PDMS (Sylgard 184) was cast in ratios of 20:1, 10:1, 10:2,
10:3, and 10:4 and cured for 1.5 days at 704C. Elastic moduli of the PDMS was
measured as a function of curing agent concentration using a Dynamic Mechanical
Analyzer (TA Instruments DMA Q800), in which beams of PDMS were subjected to
double cantilever bending. Simultaneously, each of these PDMS prepolymers was cast
against identical silicon stamps of 139 nm pitch, 50 nm depth, and 50/50 duty cycle and
cured in vacuum as described previously. They were stamped in air after cooling for at
least two hours, and for aged PDMS trials, were stored at room temperature in a laminar
flow hood.
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4.4.2. Composite Stamps
Composite stamps were fabricated by spin-coating a thin layer of h-PDMS onto a
patterned silicon substrate. The h-PDMS prepolymer was prepared by mixing 34.0 g of
VDT-731 vinyl prepolymer (Gelest Corporation, www.gelest.com), 180 pL of a Pt
catalyst (platinum divinyltetramethyldisiloxane, SIP6831.1, Gelest Corporation), and 10
drops of a modulator (2,4,6,8-Tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane, Sigma
Aldrich, www.sigmaaldrich.com). The mixture was stirred and degassed for 2-5 minutes
in vacuum. Then 10.0 g of HMS-301 hydrosilane prepolymer (Gelest Corporation) was
mixed in and stirred vigorously, then degassed in vacuum for approximately 2 minutes.
About 0.2 mL of the mixture was deposited onto the silicon master and spun at 3000
RPM for 60 seconds, with a ramp time of 1 second yielding a thin layer (~10-20 pm) of
h-PDMS. The master was placed in a petri-dish and cured at 60'C at ambient pressure for
30 minutes, at which point the film was still tacky. Sylgard 184 was poured to a given
thickness on top of the substrate contained in the petri-dish, and curing again for 3 hours
at 60'C.
4.5. Results and Discussion
4.5.1. Curing Agent Concentration and Age
A 10:1 ratio of base to curing agent is generally recommended for optimal
structural properties. At this ratio, the modulus and surface hardness of the polymer are
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maximized. Figure 4.8 shows hardness as a function of curing agent concentration for
PDMS cured at 60'C for 24 hours.
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Figure 4.8: Compression Modulus (squares) and Relative Surface Hardness (triangles) as a
function of base to curing agent ratio. The figure shows that both values are maximized for a
ratio of 10:1. Source: 1181.
The Sylgard 184 PDMS stamps used in this experiment were all cured at 70'C for
up to 36 hours. Typically, a higher curing temperature yields stiffer PDMS, which may
be due to improved diffusion at higher temperatures, which increases the accessibility of
vinyl groups for network-forming reactions. Figure 4.10 compares the hardness of
Sylgard 184 samples prepared in 10:1 and 10:4 ratios, 1 day and 4 days after curing.
While the value for the elastic modulus of the former sample (~4 N/mm 2) is
approximately twice the reported value documented in Figure 4.9, the trend is consistent
between the 10:1 and 10:4 samples, with the latter showing a greatly reduced elastic
modulus.
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Figure 4.9: Compression Modulus for PDMS samples cast at a 10:1 and 10:4 ratio, 1 and 4 days after curing.
It must be noted that the 10:4 sample did not appear completely cured, and was sticky to
the touch. When stamps were cast at higher or lower curing agent concentrations and
printed within one day of curing, the resulting patterns appeared indistinct (Figure 4.10).
Note that for this stamping trial, the stamping times were calibrated so that the amount of
material removed with each type of PDMS was approximately the same.
Ageing the PDMS samples did not have a net beneficial impact on pattern
fidelity, because although hardness increased incrementally, the material removal rate
consequently dropped, requiring greater contact time to achieve the same depth of
material removal. Thus pattern fidelity was not enhanced for stamps that were aged
beyond the point of complete curing.
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Figure 4.10: Patterns transferred to spiro-TPD as a function of base: curing agent concentration ratio. On either
side of the optimal 10:1 ratio, the PDMS loses structural rigidity and deforms prior to or during contact with the
substrate.
Using Sylgard 184 stamps of varied composition and curing profiles, 70 nm
features were discernable, but with low pattern transfer fidelity. The following section
discusses the results of h-PDMS composite stamps and the resulting patterns.
4.5.2. Composite Stamps
In agreement with results from various studies [14, 15, 17], the use of h-PDMS
composite stamps resulted not only in structurally accurate features, but higher pattern
transfer fidelity. Figure 4.11 shows the results of h-PDMS composite stamps cast against
masters of 70 nm and 278 nm features. The h-PDMS composite stamps used in this
image had a Sylgard 184 backing of approximately 1 mm in thickness.
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Figure 4.11: (a) Silicon master with 70 nm width features; (b)-(d) show three different areas of the h-PDMS
composite stamp cast against (a). The areas look nearly identical and virtually free of defects. (e) Silicon master
with 278 nm width features; (f) Small fracture in transferred h-PDMS pattern is almost indiscernible; (e) Close-
up of fracture is minor relative to those of Sylgard 184; (h) Minor cracks over a large area due to release from
master.
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Additionally, Figure 4.12 shows accurate replication of hexagonal posts of 135 nm width,
250 nm depth and 500 nm spacing from one another.
(a)
(c)
(e)
(b)
(d)
(f)
L
Figure 4.12: SEM images of an h-PDMS composite stamp cast against a 2D featured silicon master. (a)
Uniformity of features over a large area; (b) Close-up of the previous image; (c) Fractures induced during
delamination from the master stay localized and do not induce warping; (d)-(e) Close-up images of the fractures.
It must be noted that higher pattern fidelity was seen in stamps with thinner (0.1-
0.3 mm) Sylgard 184 backing layers than with those fabricated with 0.6-0.8 mm backing
layers. This is likely due to differential expansion between the top surface and the
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featured surface. As discussed in Section 4.2.1, for stamps cured against a hard
backplane, the homogeneity of elastomeric displacement is contingent on the ratio of the
thickness of the stamp to its lateral dimension. If this ratio is much less than 1, then the
stress in the elastomer is approximately uniform, but as this ratio approaches 1, the top
surface is subject to greater deformation, leading to potential destructive stresses upon
delamination of the stamp from the master. The use of thin, flexible stamps could prove
advantageous for roll-to-roll processing or for curved substrates, as these stamps would
be more able to conform to a wider variety of shapes.
Patterning of organic material with composite stamps yielded much more accurate
feature transfer than with Sylgard 184 stamps. Figure 4.13 shows a side-by-side
comparison of films stamped with a Sylgard 184 stamp (Figure 4.13b) and a composite
stamp (Figure 4.13a). The image of the h-PDMS pattern shows greatly improved
uniformity and reduced roughness. In addition, roof collapse appears to be reduced in the
case of composite stamps. Figure 4.14 shows an image of a stamp that was contacted
with a film for a longer period of time, yielding features with depths greater than 30 nm.
Figure 4.13: A comparison of patterns transferred with (a) h-PDMS composite and (b) Sylgard 184 stamps.
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Figure 4.14: A comparison of patterns transferred with (a) h-PDMS composite and (b) Sylgard 184 stamps after
an extended contact time. Roof collapse has washed away features in (b), but (a) shows features with 30 nm
depth.
As shown in the above images, h-PDMS composite stamps are much more
effective than stamps comprised solely of Sylgard 184 PDMS, when used for nanoscale
elastomeric contact printing of sub-500 nm features. However, additional data (not shown
here) shows that pattern transfer declines within age of an h-PDMS composite stamp.
Although the cause is not certain, it is likely due to the absence of free oligomers within
the surface of the aged composite stamp, which ordinarily facilitate material removal.
Thus, a drawback of this method is that composite stamps would have a reduced lifetime
as compared to conventional PDMS stamps. Nonetheless, the scope of h-PDMS
composite stamps greatly exceeds the capabilities of those cast from Sylgard 184 in terms
pattern transfer fidelity and feature size.
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Chapter 5
Patterning of Organic Light Emitting Diodes
5.1. Overview
The elastomeric contact printing process developed in Chapters 3 and 4 is perhaps
most readily applied to the patterning of organic light emitting diodes (OLEDs). This
non-destructive process enables material removal over large areas with less processing
than other techniques. This chapter shows the results of elastomeric contact printing
applied to the fabrication of corrugated OLEDs and 3-color pixelated OLEDs.
5.2. OLED Operation
OLEDs consist of an emitting layer positioned between an anode and a cathode,
often with hole and electron transporting layers to facilitate the injection of charge
carriers into the emitting layer (Figure 5.1). When a forward bias is applied, holes are
supplied by the anode and occupy the highest occupied molecular orbital (HOMO) of the
hole injecting layer, and electrons are supplied by the cathode and occupy the lowest
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unoccupied molecular orbital (LUMO) of the electron injecting layer. Both species travel
by hopping until they reach the interface at the emitting layer, at which point many of
them bind to form a tightly-bound electron-hole pair known as an exciton. The excitons
can diffuse through the organic material, transfer energy to a dopant molecule, or
radiatively recombine to a lower energy state, thereby releasing photons of a particular
energy. Many material-specific factors determine the wavelength of the emitted photons.
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Figure 5.1: Basic OLED structure
OLEDs can take on a variety of different structures. Figure 5.2 shows the
bandstructures of three variants of a typical OLED, showing how to achieve green, blue,
and red emission. Figure 5.2a shows a green emitting OLED fabricated with the structure
ITO/MoO3/TPD/Alq3/Ag:Mg/Ag. Here, electrons emitted from the Alq3 and holes
emitted from the NPD form excitons at the interface of these materials and recombine at
the Alq3 layer, producing green emission. In Figure 5.2b, TAZ, a hole blocking layer, is
inserted between TPD and Alq3 to prevent exciton formation in the Alq3 layer. With
slightly higher energy, electrons and holes recombine at the TPD layer to achieve blue
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emission. In Figure 5.2c, a thin layer of Alq3 is doped with a red dye molecule, DCM,
between the NPD and Alq3 layers, so that excitons can energy transfer to the DCM
molecules and emit red light.
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Figure 5.2: Band diagrams for (left) Green, (middle) Blue, and (right) Red OLEDS [2]
Figure 5.3 shows the current-voltage characteristics of an unpatterned green
OLED fabricated for this experiment. At low voltages (less than -3V in the image
above), the OLED acts as a resistor in the ohmic regime. Current and voltage scale
linearly in this region, as current is thermally generated. As voltage increases beyond this
point, trap states begin to fill, and as result, carrier mobility, and consequently current
density, increases exponentially. This regime is where OLEDs are typically operated, and
is known as the trap-charge-limited conduction regime. Once all the trap states are filled,
charges build up at the interface of the layers to generate an electric field that opposes the
motion of carriers, reducing the slope of the log of current density. This regime is known
as the space-charge limited regime [2].
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Figure 5.3: IV Characteristics for the Unpatterned Green OLED
5.2.1. Pixellated OLEDs
Active-matrix displays are modulated with thin-film transistor (TFT) backplanes,
with each pixel controlled by a transistor. A grid consisting of perpendicular voltage lines
underlies the backplane. At each intersection sits a TFT, which controls the operation of a
pixel. As the pixels of the display are scanned, each transistor holds its charge until the
next refresh cycle, maintaining the color of its respective pixel. Thus, images are
produced sequentially over the entire display area.
Active-matrix OLED (AMOLED) displays are commercially produced via
shadow masking. Section 2.2.1 discusses this technique. The main limitation of shadow
masks for industrial production is scalability, as the area of a shadow mask is a thin
stencil limited by its structural integrity. An alternative method of fabricating pixels is
therefore desirable.
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This chapter introduces an efficient method of producing RGB pixels over large
areas using stacked OLED structures patterned with elastomeric contact printing. The
schematic is shown in Figure 5.4. Here, a MoOx and a hole transport layer, N,N'-Di-[(1-
naphthyl)-N,N'-diphenyl]-1,1'-biphenyl)-4,4'-diamine, (NPD) is deposited on top of an
ITO substrate. A dye-doped electron transport layer, 2.5% doping concentration of 4-
(Dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) in Tris-(8-
hydroxyquinoline)aluminum (Alq3) is deposited on top of the NPD layer and patterned
away into vertical columns, leaving alternating columns free from Alq3:DCM. A hole
blocking layer, 3-(4-biphenylyl)-4-phenyl-5-tert-butylphenyl-1,2,4-triazole (TAZ),
is then deposited on top of the Alq3:DCM layer and patterned away into horizontal rows.
On top of this, Alq3 and metal electrodes are deposited.
Alq3 blanket deposited
NPD
Figure 5.4: The schematic for a 3-color pixelated OLED. Green areas represent areas in which both Alq3:DCM
and TAZ are patterned away; Blue areas represent areas deposited with TAZ but where Alq3:DCM is patterned
away, and the red areas contain Alq3:DCM.
In this structure, the stacks consisting of ITO/MoOx/NPD/Alq3/Ag:Mg/Ag will
emit in green. For areas consisting of ITO/MoOx/NPD/TAZ/Alq3/Ag:Mg/Ag will emit in
blue. For areas containing the DCM-doped Alq3 layer (with or without TAZ)
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ITO/MoOx/NPD/Alq3:DCM/(TAZ/)Alq3/Ag:Mg/Ag, will emit in red. Thus, pixels are
produced at once without any need for alignment.
5.2.2. Corrugated OLEDs
Many efforts have been made to improve the extraction efficiency of OLEDs. The
high refractive index of organic semiconductors causes most of the light generated by an
OLED to be lost to total internal reflection, trapped in waveguide modes [19]. In many
cases, as little as 3% to 4% of light output may escape the device [20]. Based on the
principle of Bragg scattering, we report a method for reducing total internal reflection and
thereby enhancing output light intensity from the substrate mode of an OLED.
Prior efforts to outcouple light using corrugated structures for bottom-emitting
(substrate mode) OLEDs have employed various structures, such as microspheres or
microlenses to outcouple light, cones, roughening, shaping, or modified packaging.
Another study conducted by Matterson, et. al. employed wavelength-period corrugated
photoresist as a base layer, upon which an OLED was grown. The authors cite an
enhancement in luminous intensity by a factor of nearly 4, as well as enhancement of
directionality and polarization. The condition for Bragg Scattering is given by
kosin6 = +k m
where ko and kg are the air and waveguide modes, respectively, m is an integer, and A is
the wavelength.
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Unlike prior studies which employed cumbersome techniques, such as
photolithography, to pattern substrates upon which corrugated OLEDs were fabricated,
we use PDMS stamps cast against a periodic, featured nanostamp whose period is close
to the peak wavelength of the emitted light for the given OLED. This method is rapid and
straightforward and can be applied over large areas.
5.3. Methods
5.3.1. OLED Growth
For fabricating the OLEDs used in these experiments, pre-patterned ITO
substrates were subject to sonicatication in Micro-90 solution, two different beakers of DI
water, and finally two different beakers of acetone, each for five minutes. The substrates
were then transferred through two beakers of boiling isopropanol in succession for five
minutes each. The cleaned substrates were dried and subjected to ozone plasma for six
minutes. For all of the OLEDs listed here, 10 nm of MoOx were evaporated through a
square-aperture shadow mask to cover the area upon which the organics would be
deposited. All the OLEDs employed a smaller-aperture shadow mask through which the
organic layers were vapor-deposited.
The pixelated OLEDs consisted of 80 nm of NPD, upon which 15 nm of 2.5%
DCM-doped Alq3 was deposited. This layer was patterned away with 10-micron featured
stamps consisting of parallel lines. The stamp was applied to the film for 3-4 hours to
ensure complete pattern removal. 15 nm of TAZ was then deposited onto the substrates
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and patterned away using the same stamps, but oriented in a perpendicular direction. The
stamp was applied for approximately 1 minute to ensure complete but not over-
patterning. 50 nm of Alq3 was deposited on the patterned stack, at which point the
shadow mask was switched with an electrode mask, and 50 nm of Ag-doped Mg was
evaporated onto the substrate. Lastly, 70 nm of Ag was grown to complete the electrodes.
The corrugated OLEDs were made for red- and green-emitting OLEDs. For the
red OLEDs, 70 nm of spiro-TPD was grown and patterned with a 606 nm period stamp
featuring parallel lines. On top of this, 15 nm of Alq3:DCM was grown, and completed
with 50 nm of Alq3. For the green corrugated OLEDs, 70 nm of spiro-TPD was grown
and patterned for 5 minutes with a 555.5 nm period stamp featuring parallel lines. On top
of this, 50 nm of Alq3 was evaporated. The electrodes for both types of corrugated
OLEDs were grown as in the case of the pixelated OLEDs.
5.3.2. Divergence and intensity measurements
The divergence and intensity measurements of the corrugated OLEDs were
conducted using the setup outlined by Figure 5.5. The measurements were taken in
Professor Cardinal Warde's Laboratory.
76
t0
o(ta( l mountP
Figure 5.5: Diagram of the setup used to measure OLED intensity and divergence.
The measurement were conducted as follows:
(1) The OLED was aligned and mounted on a vertical apparatus with a calibrated knob to
carefully modify the angle of the rotating stand relative to the light detector. Both the
detector and the OLED mount were firmly bolted to the table to ensure accuracy.
(2) The distance between the center of the light emission and the sensor was noted. All
the light sources in the room were turned off or covered, and the ambient light
intensity was noted to serve as a baseline intensity. The detector's readings are given
in nW.
(3) The OLED substrate was covered with aluminum foil containing a single pinhole,
through which only one of the pads' emission could reach the detector. The power
source
(4) The OLED was rotated from -1004 to 100', taking intensity measurements every 20.
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5.4. Results and Discussion
5.4.1. Pixellated OLED
The pixelated OLED outlined in Section 5.2.1 was fabricated, tested spectrally,
and imaged. The plot of its spectrum is shown in Figure 5.6.
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Figure 5.6: Normalized spectrum of a 3-color OLED. Green emission is the most dominant,
between -400 and -450 nm is discernable. The spectrum shows red emission as well.
but the blue peak
The OLED was imaged under different filters to obtain spectral information. A
lowpass filter allowing wavelengths of up to 450 nm was applied as a filter for blue light;
a bandpass filter allowing wavelengths between 500 and 550 nm was applied as a filter
for green light; and a highpass filter allowing wavelengths of 550 nm and greater was
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used for red light. The photoluminescence images below (Figure 5.7) show that the
patterning was carried out successfully.
Figure 5.7: Photoluminesence of a 3-color pixelated OLED. The bright areas in each photograph are as expected
for the presence of each respective emissive material. Patterning was carried out successfully.
5.4.2. Corrugated OLED
The corrugated OLEDs have a holographic surface due to their patterning. Figure
5.8 shows the patterned green and red OLEDs.
Figure 5.8: Photographs of OLEDs patterned with grated features. The left image shows a red OLED patterned
at X=606 nm, while the right OLED is a green OLED patterned at k=555.5 nm.
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While the corrugated OLEDs showed only very slight directional dependence (Figure
5.4.10), the intensity of the emitted light was enhanced by approximately 30% for the red
OLEDs and over 200% for the green OLEDs. Figure 5.10 shows the enhancement in light
intensity due to corrugation.
The images in Figures 5.9 and 5.10 show that the green patterned OLEDs had not
only better directionality, but also increased emission. It is possible, then, that the
patterns transferred to the green OLEDs were of much higher quality than those
transferred to the red OLEDs. This might have been due to any type of deformation.
Nonetheless, the strong enhancement in emission intensity due to this simple printing
procedure indicates that elastomeric contact printing could be a very powerful means of
enhancing light output for organic lighting and displays. For lighting applications, perfect
surface features are not of vital importance, and the speed at which this process can be
carried out renders it viable for mass production. The lack of strong directionality is ideal
for such applications, since spectral uniformity is desirable over all viewing angles.
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Figure 5.9: OLED emission intensity as a function of angle, measured through a pinhole in an aluminum film.
The top image shows the divergence of the green colored OLED, while the bottom image shows the divergence of
the red OLED. The jagged edges in the second image are likely due to imperfect adherence of the metal film to
the OLED substrate.
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Figure 5.10: The above images show the enhancement in emission spectral due to corrugation. The top image
corresponds to the green OLEDs, whose patterning yields an intensity enhancement of approximately 300%. The
bottom image shows the intensity enhancement of red OLEDs due to corrugation, which is at least 30%.
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Chapter 6
Conclusion
6.1. Summary of capabilities and drawbacks
This work has demonstrated the effectiveness of using relief-patterned PDMS
stamps to subtractively pattern organic thin films by diffusion. The mechanism presented
here is found to be a solvent-assisted process in which free oligomers from within the
PDMS matrix aid in the dissolution and removal of material from an organic thin film.
Hardness is shown to be a crucial factor in enabling sub-500 nm pattern transfer. The use
of composite stamps extends the applicability of elastomeric contact printing to this
regime. Lastly, elastomeric contact printing is shown to be an effective method for
patterning OLEDs. Pixellated OLEDs have been fabricated, and corrugated OLEDs
produced with elastomeric contact printing show vastly enhanced light outcoupling.
The major drawbacks of this technique are potential contamination of the film by
PDMS oligomers, surface roughness of the transferred patterns, and contact non-
uniformity. Future work must focus on addressing these issues in order for this process to
be viably implemented.
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6.2. Suggestions for future work
Several issues of practical interest are scalability and uniformity over large areas.
One suggestion for future work is to try curing thin layers of PDMS against a hard
backplane to prevent warping and surface deformities. Another potential experiment
would be to try to imprint thin films of PDMS using hot embossing. Such a machine was
built, modeled after one at Lincoln Laboratory, and is shown in Figure 6.1.
Figure 6.1: A hot embossing tool was constructed to imprint polymers. Polymers are heated to above their glass
transition temperature while in contact with a relief-patterned master. Pressure is then applied and held as the
substrate is cooled. The resulting imprints are high-fidelity replicas of features on the order of 50 nm.
This would have the advantage that the PDMS could be extracted of its excess
free oligomers prior to pattern formation, since extraction causes deformation of feature
dimensions. However, solvent extraction enables the predictability of material removal
rate and also reduces the backflow of PDMS-derived contaminants. It is possible that for
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stamps that are used as-cast, more oligomers must be offloaded onto the substrate in
order to facilitate diffusion of organics into the matrix. Oligomer extraction has proven
useful for improving device efficiency as compared to as-cast PDMS stamps.
An ongoing work would be to refine the stamp formulation to enable a
structurally hard but porous surface to facilitate a higher rate of material removal, as
compared to h-PDMS stamps. The lack of free matrix space and free oligomers renders
the material removal process much less efficient with h-PDMS or composite stamps.
Nonetheless, this process, as it stands, is readily applied to device fabrication, and the
procedures can be modified depending on the application.
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